Submergence induces elongation in the petioles of Ranunculus sceleratus L
Treatment with ethylene can promote elongation of shoot tissues from a range ofaquatic and semiaquatic plants including rice coleoptiles (11) and stem nodes (16) , stems of Callitriche platycarpa (17) , petioles (18) , and flower stalks (22) of Ranunculus sceleratus, petioles of Nymphoides peltata (15) , and the rachis of the water-fern, Regnelledium diphyllum (19) . In R. sceleratus petioles, cell elongation is promoted after submergence of the entire shoot ("accommodation growth") and this raises the leafblade to the water surface (7) .
Considerable evidence (7, 9, 10, 18) suggests that this cell elongation is functionally related to a rapid increase in ethylene levels in leaf tissues under water, caused by entrapment of endogenously produced ethylene (17) and a subsequent enhanced synthesis of the gas ( 16, 24) . Previous studies have shown that the response to ethylene of isolated petiole segments is dependent upon the presence of either an attached leaf blade or low (0.1-1 gM) levels of auxin (8, 23) .
High levels of auxin (100-1000 isM) can evince an elonga- tion response in isolated petioles of a comparable magnitude to that occurring after ethylene treatment in the presence of low auxin levels (7) . In Nuphar petioles (15) , it has been shown that both auxin and ethylene can act to promote the extrusion ofprotons, suggesting that both regulators are working via a common mechanism. However, from studies using isolated petiole segments from R. sceleratus incubated either in auxin, or in the ethylene-generating compound ethrel, it has been suggested (7) that the nature of the growth processes promoted by these two regulators may be different, in that comparable amounts of elongation growth were accompanied by widely different changes in tissue fresh weight. In the present study, R. sceleratus petioles, with attached leaves, were treated with a series of growth promoters and growth inhibitors in order to determine whether the two regulators are differentially influencing elongation and radial expansion of these tissues.
MATERIALS AND METHODS

Plant Material
Seeds (achenes) of Ranunculus sceleratus L. were germinated in wet sand and seedlings replanted in 8 x 8 x 4 cm plastic pots in trays watered to full soil saturation and grown under high humidity at 18'C and an 8-h photoperiod under 45 W. m-2 (measured with a Li-Cor LI-185 light meter) from fluorescent and incandescent lamps in a growth chamber. Under these SD conditions the plants remained vegetative for many months (22) . Young leaves with recently expanded blades and with petioles 40 to 60 mm long were collected from plants which were at least 8-weeks old.
Regulator Treatments
Leaves were harvested and their petioles marked with waterproof ink at three 10 mm intervals below the junction with the blade. In all instances petioles were trimmed to within 5 or 10 mm of the lowest mark. Individual leaves were made to stand with their petiole submerged in 6 to 7 mL distilled water (the initial experiment employed 5 mm phosphate buffer [pH 6 .0] [8] , but this treatment resulted in silver precipitation in the subsequent experiments) in 12 x 75 mm glass vials in illuminated 10 L glass desiccators, lined with water-saturated paper towels to maintain a high humidity.
Treatments with IAA, GA3, ABA, AVG3 (Sigma, St. Louis, MO), methyl jasmonate (a gift from Firmenich SA, Switzer-land), or silver thiosulfate (alone or in combination) were made by including the compounds in the solution. Silver thiosulfate solutions were made according to Liu et al. (14) and were freshly prepared for each experiment. For ethylene treatments, the gas was injected into sealed desiccators through a serum cap in the lid. Preliminary experiments had shown that 100 uL.L-' ethylene in air fully saturated the elongation response of these tissues, and in all experiments sufficient gas to provide this level was injected into the desiccators. In treatments in which ethylene was not added, any effects of endogenously produced ethylene accumulating in the desiccators was minimized by the inclusion of two vials containing paper wicks and 10 mL mercuric perchlorate solutions (27) as ethylene absorbents. All treatments were conducted in a growth cabinet at 18 ± 20C under fluorescent and incandescent lamps giving 80 AmoI m-2 s-' PAR (400-700 nm, Li-Cor L1-185 with a quantum response probe).
Growth Measurements
The change in length of each 10 mm segment on each petiole was determined to the nearest 0.5 mm after 24 h. To estimate the "width" ofthe petioles ofthis species ("the celeryleaved crowfoot"; petioles are broadly reniform in crosssection but more deeply adaxially grooved toward the base) we sampled, before and after each treatment, the maximal and minimal (widest and narrowest) width of each segment of each petiole at a location just above the ink mark. Measurements were made with a micrometer (Mitutoyo, model M-220-25); values for repeated measurements, in a particular plane, were all within 2% precision. The percentage increase in length or width (maximum and minimum) was calculated for each segment, and the mean value (± standard error) for each treatment is presented. The average initial width of a typical batch of petioles was between 1.63 mm (minimum width top segment) and 2.88 (maximum width bottom segment). In the first experiment, the final fresh weight of each separate segments was also determined.
RESULTS
Expansion Induced by Ethylene and Auxin
Treatment of bladed petioles of R. sceleratus with 100 AtL.
L' ethylene promotes elongation growth of petioles over a 24 h period (Fig. IA) . In the presence of the blade, the effect of high levels of ethylene is not enhanced by high levels of IAA. In contrast, radial growth is not enhanced by ethylene treatment over a 24 h period ( Fig. 1 B) .
Treatment with IAA at 10 or 100 piM, in the presence of an external ethylene absorbent, also promotes elongation growth (Fig. IA) . Width growth is markedly promoted by 10 or 100 tiM IAA, but these effects of auxin are not significantly more pronounced in the presence of ethylene (Fig. 1 B) .
The effect of IAA on the increase in width is clearly much smaller than on the increase in length, but any increase in volume of the tissue is related to an increase in area of the petiole in cross-section, and thus approximates the square of the final width minus the square of the initial width.
The different effects of the two regulators-with ethylene apparently having its prime effect on tissue elongation and IAA, while having some effect on elongation, primarily affecting radial growth-are reflected in the final fresh weights of the petiole segments (Fig. IC) . The data integrate overall tissue growth in either dimension. IAA alone, at higher concentrations, enhances fresh weight, but high levels of ethylene alone are even more effective. The greatest fresh weight is achieved in ethylene in the presence of high IAA levels. The differential effects of ethylene and IAA on increase in length and width are, of course, not discernible in the increase in fresh weight. Further, any effect of IAA on the increase in width is also not shown by the data on final fresh weight per unit of length (Fig. ID) , because of the variation in initial weight between individual petioles. The data on width in Figure lB are coupled, since each petiole was measured before and after the treatment, and they show the increase in width in relation to the initial value. Therefore, we used the direct measurement of changes in width in the experiments described below.
Effects of Auxin-induced Ethylene
In an attempt to separate the effects of IAA and ethylene in this system, the tissues were preincubated for 24 h in a solution containing 5 mm silver thiosulfate, an inhibitor of ethylene action (25) , and then treated with the growth promotors for a further 24 h. It should be noted that the maximal increases in both length and width in this experiment involving Ag' pretreatment is less than those (see Fig. 1 ) employing freshly cut petioles. This effect of "aging" before lengthpromoting regulator treatment has been recorded (24) .
The effect of ethylene in promoting elongation growth is severely inhibited (up to 80%; Fig. 2A ) by silver treatment, as is a significant component of the elongation growth in the presence of high levels of IAA (up to 54%). This suggests that at least part of the IAA-stimulated growth, even in the presence of an external ethylene absorbent, can be ascribed to IAA-induced ethylene production in the tissues.
The effects of Ag' ions on radial growth are less dramatic (Fig. 2B) . IAA-enhanced width growth has occurred, and this is only slightly affected by AgC pretreatment. The data do not establish that part ofIAA-promoted radial growth is enhanced by ethylene. Rather, the Ag' ions slightly reduce radial growth regardless of (a) regulator treatment or (b) amount of radial increase, by on average 0.8%.
Further Separation of Elongation and Radial Growth
The effects of the two growth inhibitors, ABA and methyl jasmonate (21) were assessed in this system (Fig. 3) . ABA at 100 gM has no effect on the small amount of elongation in the control petioles, and only slightly inhibits the effects of 100 gM IAA in promoting elongation growth in the presence of ethylene (Fig. 3A) . However, ABA is very effective in inhibiting ethylene-promoted elongation growth. ABA treatment also inhibits radial growth, again with no clear differential effects between the treatments.
A similar pattern can be seen using 100 Mm methyl jasmonate (Fig. 3, C and D) : there is a significant specific inhibition of that elongation promoted by ethylene alone, but a more uniform inhibition of radial growth in all treatments. For both ABA and methyl jasmonate treatments, the increase in width and the effects of the two inhibitors are essentially identical in the control (H20) and 100 IML L' ethylene treatments (Fig. 3, C and D) , suggesting that radial growth is related to endogenous auxin and that ethylene plays a minor role in width increases. Figure 4A shows that while 100 Mm GA3 is less effective than 100 gM IAA in promoting growth in the absence of added ethylene, it is a very effective copromoter of elongation growth even in the presence of very high levels of ethylene. In this combination, it promotes cell elongation without any major effect on radial expansion (Fig. 4B) . Radial growth only occurs in treatments which include 100 Mm IAA.
When the tissues are treated with AVG, an inhibitor of ethylene biosynthesis, at 10 gM, there was no effect on expansion (Fig. 4, A increase in length; the petioles become somewhat longer and considerably thicker (Fig. 1, A and B) . Increase in length and increase in width thus seem to be regulated independently. Elongation proceeds if ethylene is present in large amounts, and is not promoted by IAA. In contrast, increase in width is dependent on the level of IAA, and independent of the concentration of ethylene present.
In the absence of exogenous ethylene, high concentrations of IAA also induce some elongation growth, but this growth is largely explained by IAA-promoted ethylene synthesis (measured in Cookson and Osborne [2] ). In our experiments, the petioles were in the vicinity of a solution of mercuric perchlorate, but this may not, without further precautions, absorb all the ethylene produced within the tissues and subsequently released. Inhibition of action of endogenous ethylene by silver thiosulfate significantly lowered IAA-induced elongation ( Fig. 2A) , suggesting that this pretreatment is more effective in preventing ethylene action. Therefore, because neither treatment with ethylene absorbents nor incubation in ethylene-action inhibitors can totally guarantee that all effects of ethylene are negated, auxin-induced effects on growth may include a small, ethylene-derived component. Cookson and Osborne (2) and Horton and Samarakoon (8) found that silver, applied in the form of 10 uM solutions of the nitrate salt, did not inhibit IAA-induced elongation in R. sceleratus petioles. We found (not shown) that treatment with even higher concentrations of silver nitrate did not have an effect on IAA-induced elongation in the measured region, but caused severe damage in the lower 5 mm of the petiole. However, treatment with silver thiosulfate did have a profound effect over the whole length of the petiole (45% reduction IAA-induced elongation in Fig. 2A ), presumably because of its much higher mobility in the tissue (25) .
Silver thiosulphate also had an effect on radial growth. It appeared to be inhibitory to some extent for growth in this direction, regardless of (a) regulator treatment or (b) amount of radial increase (Fig. 2B) . This may indicate that silver Figure 1 . Each point is the mean + SE of three positions on five petioles. interferes nonspecifically to a minor extent with cell expansion.
Further evidence for the distinction between the two processes, longitudinal and radial cell growth, comes from experiments with ABA and methyl jasmonate. Both regulators severely inhibited ethylene-induced elongation, but had only a small effect on radial growth and, like silver, did not discriminate between treatments (Fig. 3, A and B) . They had no effect on IAA-induced elongation in the presence of silver, again suggesting that silver abolishes the promoting effect of endogenous ethylene.
Although there is considerable evidence that changes in ethylene levels in the tissues are the major agent of the elongation response of submerged petioles of R. sceleratus (7, 18) , this does not preclude modulation by other regulators. In studies of heterophylly in R. flabellaris (26) and in Hippuris vulgaris (6) it was suggested that ABA levels may be different in submerged and floating leaves. ABA is an inhibitor of ethylene-induced petiole growth in our experiments (Fig. 3A) . Similarly, there is evidence that gibberellins are particularly effective copromotors of accommodation growth in aquatics, particularly for stem growth (13) . Our experiments have shown that gibberellin treatment can enhance petiole growth even in the presence of very high levels of ethylene (Fig. 4A) . The ethylene-induced elongation growth, even when modulated by GA3, ABA, or methyl jasmonate, occurs with minimal effect on the width of the petiole (Figs. 1, 3, and 4) . In contrast, the elongation growth caused by high concentrations of auxin, even if enhanced by GA3 treatment, is invariably associated with radial growth. Because petioles do not show such marked radial growth under normal culture conditions, high-IAA-induced elongation could well be anomalous. However, low levels of auxin also influence the radial growth of petioles, with hardly any effect on elongation (Figs. 1, 2) . Therefore, it is not unlikely that during growth, the radius of the petiole is exclusively controlled by the endogenous IAA level.
A difference in control between elongation and radial growth has been studied extensively only in a few systems, particularly the pea. In pea internodes, ethylene inhibits elongation and induces radial expansion (4), part of the "tripleresponse" to ethylene. The prevalent idea has been that, because these two processes are closely linked in time, ethylene acts by diverting growth from one direction to another (5) . Further, treatment of pea with auxin induces elongation, but very high auxin levels will induce sufficient ethylene to allow radial growth (1) . In contrast, in R. sceleratus petiole cells ethylene is the agent of elongation growth whereas IAA (even at high, ethylene-inducing concentrations) is the primary promotor ofradial growth. Elongation and radial growth can be induced (Figs. 1, 2) and modulated (Figs. 3, 4) independently, suggesting that the two processes are regulated separately.
In her recognition of three cells types in plants, based on differences in the elongation response to ethylene and auxin, Osborne (20) suggested that cells in water plant shoots represent a distinct "class three"-cells that typically elongate in response to either ethylene or auxin. The results of this paper indicate that the response pattern of R. sceleratus petiole tissue is more complex than that, and we suggest that attempts to classify cell response types should encompass the normal growth patterns of expanding tissues. Our results also indicate that we need to continue to be careful not to simply equate "elongation growth" and "growth" by interchanging data for increase in length and increase in fresh weight (Fig. 1) . Cell enlargement is thought to be initiated by cell wall loosening and brought about by the turgor pressure (3, 13) . As Cosgrove (3) pointed out, because general loosening of the cell wall would result in rounded cells, cells must have mechanisms to direct the loosening of the cell wall and enlarge in only one direction. The actual mechanism of loosening and the relation with wall biosynthesis are still under discussion (12) . Model systems in which wall loosening takes place in a certain plane should, therefore, be useful in these studies. The system described here has the advantage that wall loosening in longitudinal and transverse walls may be regulated independently.
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